Introduction
In 1892 Bunsen-Roscoe formulated the second law of photochemistry, also known as the 'reciprocity law'. By this, he stipulated that irradiance and time are reciprocal for the dose. This has been interpreted to directly apply to some photobiological effects from exposure to ultraviolet radiation (UVR). Although the biological effect may be initiated by a photochemical event that depends on the product of the irradiance and the exposure time, the photobiological effect may not always depend only on the product of the irradiance and the exposure duration. Nevertheless, in many instances, if the irradiance and exposure duration change reciprocally so that the product is constant the same photobiological effect is expected [1] .
The photochemical reciprocity law provides understanding of certain photobiological phenomena. In some photobiological effects there is a single state event where the Bunsen-Roscoe law applies; however, in most photobiological events there is a cascade of effects that modifi es the fi nal response and induces a failure of the application of this photochemical law. Cultured human skin fi broblasts suffer lipid peroxidation after exposure to UVR-A and this response obeys the reciprocity law [2] . However, in UVR-induced skin cancer (photocarcinogenesis) reciprocity does not apply [3, 4] . Photocarcinogenesis seems to be a complex process where very protracted doses in some cases may be more effective than some shorter dose regimens. In the retina, the reciprocity law explains the temporal summation of light. To reach a liminal value for retinal stimulation, light of high intensity requires shorter exposure time than light of low intensity.
In the lens, it was believed that for a certain UVR exposure, the biological effects depend on the product of irradiance and exposure time. If the product (dose/radiant exposure) remains constant so does the resultant damage. However, the authors have recently shown that the reciprocity fails for UVR-induced cataract when the exposure time is shorter than 30 min [5] . It was hypothesized that the reciprocity failure might be due to consumption of antioxidants in the lens during the initial 15 min of exposure to UVR, resulting in increased lens damage.
The aim of the present study was to investigate if an antioxidant like ␣ -tocopherol can reverse the loss of reciprocity after exposure of the lens to UVR.
Methods

Experimental Animal
Six-week-old female albino Sprague-Dawley rats were the experimental animals. They were evenly divided into an experimental group and a control group. Each of the groups was then further divided into two subgroups, which were exposed to UVR for 5 or 15 min, respectively.
The animals were kept and treated according to the ARVO Statement for the use of the Animals in Ophthalmic and Vision Research. Ethical permission: Stockholms Norra, N 209/00.
␣ -Tocopherol Administration
Each rat in the experimental group was fed with type V vitamin E, ␣ -tocopherol (diluted in corn oil) from vegetable (Sigma, T 3634-25G, Stockholm, Sweden), 100 IU/day, while each rat in the control group was fed with corn oil only (El Dorado, Stockholm, Sweden). Treatment was administered by intragastric intubation with a rubber catheter.
Exposure to UVR After 4 weeks of special feeding, rats were unilaterally exposed to UVR. Radiation from a high-pressure mercury lamp was collimated, passed through a water fi lter and a monochromator ( max = 300 nm, 0.5 = 10 nm) and fi nally projected on the cornea of the exposed eye [6] . The radiation used for UVR exposure will from now on be referred to as UVR-300 nm. The spectral irradiance ( fi g. 1 ) was recorded with a spectrometer (Ocean Optics PC 2000) and the total UVR-300 nm dose at the corneal plane was measured with a thermopile (Oriel 7104) that had been calibrated to a National Institute of Standard and Technology traceable standard.
Ten minutes preceding the exposure, the animals were anesthetized with ketamine 94 mg/kg plus xylazine 14 mg/kg intraperitoneally [7] . Five minutes preceding the exposure, tropicamide was instilled in both eyes.
One eye in each rat was exposed in vivo to 8 kJ/m 2 UVR-300 nm, with an exposure time of 5 or 15 min depending on affi liation. All the animals received the same UVR dose. After the exposure, the rat was put back to its cage.
Evaluation of Macroscopic Structure
At 1 week after exposure to UVR-300 nm, each rat was sacrifi ced with an overdose of carbon dioxide (CO 2 ) followed by cervical dislocation. Then, both eyes were enucleated. In each eye, the lens was extracted and placed in balanced salt solution. Vestiges of the ciliary body were removed from the lens equator under a microscope.
Photographs were taken of each lens against a dark background with a white grid. During photography, the anterior surface of the lens faced the camera. Then, the lens was moved for measurement of intensity of forward light scattering.
Light Scattering Measurements
The intensity of forward light scattering was measured with a light dissemination meter [8] . This instrument uses the principle of dark fi eld illumination.
The lens that is being measured is put in a cuvette in balanced salt solution. The illuminating light transilluminates the lens at 45° against the horizontal plane. At this angle the light cannot enter the objective aperture. If the lens scatters in the forward direction, a defi ned fraction of light reaches the objective and is measured by the photodiode.
The opacity standard was a lipid emulsion of diazepam (Diazemuls ® , Kabi Vitrum, Sweden) and the unit used was transformed equivalent Diazemuls concentration (tEDC) [8] .
A typical value for a normal rat lens is about 0.1 tEDC and for a very opaque lens about 1 tEDC. Between 0 and 1 tEDC, the intensity of forward light scattering increases linearly with the concentration of standard scatters in the measurement cuvette. Thereafter, the content of ␣ -tocopherol was analyzed with high-performance liquid chromatography (HPLC) in a subgroup of lenses. 
␣ -Tocopherol Analysis
Altogether 40 lenses from 20 rats were randomly selected for ␣ -tocopherol determination with HPLC. Immediately after the forward light scattering measurement, each lens was weighed and placed in Ringer's solution (1 ml) and frozen at -70 ° C. The frozen lenses were transported on dry ice to AS Vitas (Research Park, Oslo, Norway) for analysis.
For ␣ -tocopherol analysis the lens was thawed and excess Ringer's solution was removed from each rat lens by transferring the lens to a Kleenex paper. The lens was then transferred to a new Eppendorf vial containing 150 l of the original Ringer's solution for homogenization with a motorized pellet grinder (Kontes). The homogenate was then diluted with 300 l 2-propanol containing the internal standard tocol and BHT as an antioxidant. After thorough mixing for 15 min and centrifugation at 4,000 g at 10 ° C for 10 min, an aliquot of 25 l was injected from the supernatant into the HPLC system. HPLC was performed with an HP 1100 liquid chromatograph (Agilent Technologies, Palo Alto, Calif., USA) with an HP 1100 fl uorescence detector. Tocopherol isomers were separated on a 2.1 ! 50 mm reversed phase column. The column temperature was 40 ° C. Detector characteristics were excitation at 295 nm and emission at 330 nm. A one-point calibration curve was made from analysis of a 3% albumin solution enriched with known ␣ -tocopherol concentration.
The amount of the measured ␣ -tocopherol that was recovered from the sample after addition of a known amount ('recovery') was 1 95%. The calibration curve was linear in the interval 1-200 M and the limit of detection was 0.01 M . The estimated variation coeffi cient was 4.8% at 17.0 M and 4.6% at 25.1 M .
Experimental Design
Altogether, 80 rats were divided into an experimental ␣ -tocopherol + solvent group of 40 rats and a control solvent only group of 40 rats. Each of the experimental and control group was further subdivided into two subgroups of 20 rats each. One subgroup was exposed to UVR-300 nm for 5 min while the other subgroup of 20 rats was exposed to UVR-300 nm for 15 min. In each rat, one eye was exposed to UVR-300 nm while the other was left unexposed. Intensity of forward light scattering was measured 3 times for each lens. The ␣ -tocopherol content was measured in 40 lenses (5 lenses from each subgroup).
Statistical Parameters
The signifi cance level and confi dence coeffi cients were set to 0.05 and 0.95, respectively.
Results
Examples of lenses with different experimental exposure are shown in fi gure 2 . Very mild superfi cial cataract was found in the lenses exposed to UVR-300 nm for 5 min in both the ␣ -tocopherol + solvent and the solvent only groups. However, in the lenses exposed to UVR-300 nm for 15 min, there was a signifi cant difference in the cataract pattern found between the experimental and the control groups. Severe cortical, equatorial opacities (a special geographical cortical cataract) and vacuoles can be seen in lenses exposed to UVR-300 nm for 15 min of the solvent only groups. Superfi cial and slight cortical cataracts were described in the lenses exposed to UVR-300 nm for 15 min in the ␣ -tocopherol + solvent group.
No group showed nuclear dense cataracts.
Peroral treatment with ␣ -tocopherol 100 IU/day for 4 weeks increased ␣ -tocopherol content in the lens ( fi g. 3 ) Intensity of forward light scattering was measured for the difference between exposed and nonexposed lenses ( fi g. 4 ) . Lenses that were exposed to UVR-300 nm for 5 min showed a lower intensity of forward light scattering than lenses exposed to UVR-300 nm for 15 min. In the 5-min exposure time group, no signifi cant difference in light scattering measurements was detected between the ␣ -tocopherol + solvent and the solvent only groups. However, when the lenses were exposed to UVR-300 nm for 15 min, a signifi cant difference in light scattering was de- 
Discussion
The authors have previously described that the photochemical reciprocity law fails for UVR-300 nm-induced cataract when the lenses are exposed to UVR-300 nm with exposure times shorter than 30 min [5] . If the reciprocity law applied for UVR-300 nm-induced cataract, the intensity of forward light scattering would be constant for constant dose, independent of exposure time, because the eye is exposed to a constant number of photons. However, with exposures in the range of 5-120 min, maximum damage occurs with 15 min ( fi g. 5 ). This means that photons have an increasing effi ciency in causing biologic damage when the exposure time increases from 5 to 15 min. However, for exposure times exceeding 15 min, effi ciency in causing biologic damage decreases toward the same level as that for exposure times of 5 min ( fi g. 5 ).
Since the primary event, the photochemical reaction, is known to obey the reciprocity law, we hypothesize that the observed increased effi ciency in causing a photobiologic effect in the 5-to 15-min exposure time domain is due to photosensitization, decreased quenching, or both. Regardless of the process, the kinetics must be biologically driven and independent of the number of photons. The authors hypothesized that failure of the reciprocity law in UVR-300 nm-induced cataract in the lens 1 week after exposure in the exposure time domain of 5-15 min was probably due to increased oxidative damage. Protective antioxidant mechanisms in the lens can probably act just for short periods of time. Exposure to UVR-300 nm for 5 min is not as harmful as exposure for 15 min. This may be because antioxidant mechanisms are consumed in the lapse of 15 min or because of increased photosensitization.
The decrease in effi ciency in the time domain of 15-120 min may occur because of decreased photosensitization (decreased oxidation), increased quenching, biologic repair, decreased penetration of UVR-300 nm (through the cornea) or a combination of any of these. Again, regardless of the process, the kinetics must be biologically driven and independent of the number of photons. Further studies to test oxidative mechanisms in the time domain of 15-120 min are suggested to improve the understanding of this lack of reciprocity.
The recommended daily intake of vitamin E ( ␣ -tocopherol) varies in the literature. A common recommendation for humans is a daily ␣ -tocopherol intake of 15 IU for males and 12 IU for females [10, 11] (1.49 IU of vitamin E is equivalent to 1 mg of ␣ -tocopherol). In our experiment the rats were fed with 100 IU ␣ -tocopherol/ day for 1 month to ensure a signifi cant concentration of ␣ -tocopherol in the lens. Vitamin E is the least toxic of the fat-soluble vitamins. No toxicity has been observed at doses up to 450 IU/day [11] . The relationship between peroral intake and intralenticular content is unknown.
In the lens, gene expression mechanisms are still poorly understood. Gene expression of defense systems for constant dose probably depends on exposure time. Several authors have described that oxidative stress induces differential gene expression (so-called 'oxidative genes') in lens epithelial cells [12] [13] [14] . Further studies regarding gene expression and oxidative damage and the impact of reciprocity for UVR-300 nm-induced cataract are needed.
The transparency of the lens depends on the regular organization of its cells and proteins. Proteins that aggregate under oxidation are abundant in the lens. Oxidative damage in lens proteins due to UVR-300 nm exposure has been postulated as one mechanism for cataract formation [15, 16] . Antioxidants like ribofl avin, vitamin E ( ␣ -tocopherol), ascorbate and carotenoids may play an important role in cataract prevention. Glutathione exerts the major antioxidant function in the lens [17, 18] . Antioxidant mechanisms in the lens are many and interactions between the different compounds seem to be complex. The authors show in the present article in vivo reversal of the failure of reciprocity due to the antioxidant ␣ -tocopherol. Other antioxidants as well as oxidative status measurements (e.g. singlet oxygen measurements) might be tested in the lens in order to assess the importance of oxidation in the application of reciprocity to UVR-300 nm-induced cataract.
In summary, it was shown that failure of reciprocity for lens in vivo exposure to UVR-300 nm in the exposure time domain 0-30 min is reversed by peroral administration of ␣ -tocopherol. This indicates that the failure of this reciprocity is likely to depend on oxidation.
